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Abstract 


This paper presents a status report on solar transparent insulation materials (TIM). It covers 
a survey of the literature, various physical and other properties of TIM devices, their classi- 
fications, applications, fabrication procedures, availability and cost trends. The global 
resurgence of research is clarified. Subsequently, the development of TIM cover systems (often 
referred to as advanced glazing) from such products as polymer sheets, capillaries and cellular 
profiles, is discussed. Their design and performance characteristics are investigated; results 
corresponding to experimental measurements, as well as computational models, are presented. 
An explicit comparative study of absorber parallel and absorber perpendicular configurations 
of TIM cover systems is presented. The TIM covers with black end cover plates, and cellular 
walls of high emissivity, as well as those with selective cover plates and cellular walls fully 
transparent to IR radiations, have relatively lower heat loss coefficients. 
© 2003 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Thermal insulation is the simplest means of preventing heat losses and achieving 
economy in energy usage. In industry, thermal insulation serves several important 
functions such as preventing heat leakage, saving energy, control of temperature and 
thermal energy storage. Conventional insulation materials are often opaque and 
porous, and can be classified into fibrous, cellular, granular and reflecting types [1]. 
The thermal characteristic of these insulation materials is specified in terms of ther- 
mal conductivity. Stagnant air is a good insulating material; it has a thermal conduc- 
tivity of 0.026 W/m-K. Primitive people used the underlying principle of air insu- 
lation by lining their garments with fur to protect them from severe winter weather. 
Some commonly used thermal insulation materials, such as glass fibre (thermal con- 
ductivity: 0.0325), alumina silicate (0.035), mineral wool (0.0407) and calcium sili- 
cate (0.057) have low thermal conductivity, which depends on the number of air 
cells packed at the cores of solid media. The diameter of air cells is about 0.09 um, 
which is smaller than the mean free path of air. Heat is transferred through the 
insulation by conduction in solid media, convection as well as radiation across air 
cells. There are always some losses from thermal energy systems insulated with 
opaque materials. 

Transparent insulation materials (TIM) represent a new class of thermal insulation 
wherein air gaps and evacuated spaces are used to reduce the unwanted heat losses. 
It consists of a transparent cellular (honeycomb) array immersed in an air layer. The 
air layers are similar to conventional insulation materials with regard to the place- 
ment of air gaps in the transparent solid media. TIM are solar transparent, yet they 
provide good thermal insulation. They hold great promise for application in increas- 
ing the solar gain of outdoor thermal energy systems. Solar transmittance and heat 
loss coefficient are the two parameters used for their characterization. The fundamen- 
tal physical principle used in TIM is the wavelength difference between solar radi- 
ation which is received by the absorber and IR radiation which is emitted by the 
absorber. This review presents a status report on TIM technology and applications. 
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Nomenclature 

A aspect ratio (L/d) 

D cell width of honeycomb (m) 

E fraction of cellular cross section area occupied by wall material 

Е Hottel’s shape factor for radiative exchange 

Ри geometrical shape factor for IR radiation with black end plates 

G acceleration due to gravity (m/s?) 

hy convective heat loss coefficient due to wind (W/m? К) 

h heat transfer coefficient from top surface of the MMA slab to the 
glass cover (W/m? К) 

Nye combined conductive and radiative heat loss coefficient for the 
honeycomb cover system (W/m? K) 

100) solar beam radiation at time t (W/m?) 

10) solar diffuse radiation at time t (W/m?) 

K extinction coefficient of cover plate (т!) 

k thermal conductivity of MMA slab (W/m? K) 

ks, ką scattering and absorption coefficient of CSD's wall material, 
respectively 

L depth of honeycomb (m) 

N number of cover plates 

n integer representing lowest rounded-off value of N 

QL total heat loss from the system (W/m?) 

Оз amount of solar radiation absorbed at the absorber plane (W/m?) 

О, total heat loss from top surface (W/m?) 

On heat loss from absorber plane to top cover (W/m?) 

Qo heat loss form top cover to ambient (W/m?) 

Qu(f) retrieved heat flux per unit area of heater (W/m?) 

Ra Rayleigh number 

Ra, critical Rayleigh number for breakdown of the unstable region 

Ro single surface reflectivity for the vertical wall of TIM 

S(t) solar intensity at time t (W/m?) 

T, top cover temperature of honeycomb array (°C) 

T, absorber temperature (°С) 

T,(t) ambient air temperature at time f (°C) 

Tas sky temperature (°С) 

T glass cover temperature (°C) 

U, heat loss coefficient from MMA slab top surface to ambient (W/m? 
K) 

Uz heat loss coefficient from glass cover to ambient (W/m? K) 

UL overall heat loss coefficient (W/m? К) 

V wind speed (m/s) 

х coordinate (т) 
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Greek letters 


a material thermal diffusivity 

0(0) absorptivity of the top (blackened) surface 
(ат). effective absorptivity-transmissivity product 
tilt angle of water heating system (deg) 
thickness of cellular array wall (mm) 
kinematic viscosity (m?/s) 

albedo of the ground 

Stefan-Boltzman constant 

azimuth angle (degrees) 

angle of incidence (degrees) 

angle of refraction (degrees) 

ez, Oes equivalent beam angle of ground and sky radiation, respectively 
(degrees) 

и refractive index of MMA slab material 

Ug refractive index of top glass cover 

Е emissivity of top cover 


аз < OD 


= 


Ф Ф Ф = 


£y emissivity of absorber plane 
Pò specular reflectivity 

Põe equivalent specular reflectivity 
рд. equivalent diffuse reflectivity 


Tc(0) transmittance (specular as well as diffuse) through the cell to beam 
radiation incident at an angle Ө and azimuth angle @) 

Tp(0) cell transmittance corresponding to specular reflection and refraction 
through the cells of beam radiation with incident angle @ and 
azimuth angle ф) 

T(@) transmittance through TIM walls 


Toe beam radiation transmittance for glass cover 

Tag ground diffuse radiation transmittance for MMA slab 
Tas sky diffuse radiation transmittance for MMA slab 
Tagg ground diffuse radiation transmittance for glass cover 
Tasg sky diffuse radiation transmittance for glass cover 


2. Historical background 


In solar energy context, Veinberg and Veinberg [2] investigated the use of “deep 
narrow meshes” as solar transparent honeycomb insulation in solar absorbers. Later, 
Francia [3] demonstrated the effectiveness of these anti-radiating cells in medium 
to high temperature solar energy absorbers. Hollands [4] presented the theoretical 
performance characteristics of a cellular honeycomb as a convection suppression 
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device (CSD) placed between the absorber and the outer glass cover of the flat 
plate collector. Tabor [5] presented a concise picture of cellular (honeycomb) arrays, 
indicating that successful use of honeycomb insulation should wait for better 
materials and manufacturing techniques. Since that time, extensive experimental, as 
well as theoretical, researches on honeycomb devices for suppressing the natural 
convection have been carried out (e.g. see [6] for review). 

At the outset, natural convection across an air layer confined between solar glazing 
and absorber plate in the collector was investigated. Horizontal as well as inclined 
layers were considered. Subsequently, the effect of cellular arrays on convection 
suppression was formulated in terms of the escalation in critical Rayleigh number 
[7-17]. It has been pointed out that the convective stability of the fluid (air) in the 
honeycomb cell depends on the value of critical Rayleigh number (Ra,), which 
depends on the physical shape, aspect ratio (A = L/d) and thermo physical properties 
of the walls of the cell. The fluid-mechanical treatment of this type of problem for 
square cells has been given by Edward and Catton [7], among others, following 
which Ra, may be expressed as: 

_ (a + 239» 


Ra, = (a + 7.97) (1) 


where ay = zm (5)°° A and 0.75=т=1 the Rayleigh number is given by 
_ gBATL’ 


R 2 
a ay (2) 
So, for convection suppression 
Ra,av 
(AT ах m ҮТЕ (3) 


The (AT) „„хуаез of air layer as obtained from Eq. (3) by Sharma and Kaushika 
[18], shows that for a cell width of =12.5 mm, convection is suppressed for the 
range of temperatures between 50 and 100 °C. 

Furthermore, Guthrie and Charters [19], and Kaushika et al. [20], have observed 
that in the case of an inclined solar absorber, the motion is essentially up-slope. It 
has, therefore, been argued that parallel slat arrays (Fig. la,b), are quite sufficient 
to suppress convection in practical situations. The resultant device would involve a 
simplified fabrication procedure and would result in less insulation reaching the 
absorber than the convectional three-dimensional honeycomb (Fig. Ic). 

The honeycomb device has also been investigated in relation to total heat loss 
(convection, conduction and radiation) reduction characteristics in a flat plate collec- 
tor. Lalude and Buchberg [21], determined optimum values of design parameters for 
opaque rectangular honeycombs, as well as the design for a honeycomb based, 
porous-bed solar air heater. The design of cylindrical glass honeycombs, which min- 
imize the cost of energy collected, was investigated by Buchberg and Edward [13]. 
These authors used the independent mode analysis (IMA), which assumes additive 
modes of heat transfer across the honeycomb cellular array. Subsequently, it was 
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(a) (b) 


Fig. 1. Honeycomb and parallel slat arrays. 


realized that IMA grossly underestimates the heat transport across a honeycomb; 
hence dependent mode analysis was developed to account for radiative-conductive 
coupling [22]. The performance of a flat-plate collector with a slatted convection- 
suppression device made of thin glass was studied experimentally by Charters and 
Guthrie [23]. Subsequent research involves an accurate determination of the solar 
transmittance, convective (for the critical and post critical Rayleigh regimes), and 
other thermal transfer characteristics of the device [18,19,24—29]. In practice, a flat 
plate collector with small-celled honeycomb and selective coating has been found 
to exhibit efficiency comparable to a vacuum tube collector (efficiency 5096 at AT 
= 100 К and solar irradiance of 800 W/m7). 

The honeycomb application as a convection suppression device in a solar flat plate 
collector did not prove very successful, because of the demanding characteristics of 
the materials and fabrication methods. Glass honeycomb devices were fragile and 
bulky for use in the solar collectors and the available plastics did not satisfy the 
stringent requirements for operating temperatures in excess of 80 ?C. In the early 
eighties, a new concept was proposed for a non-convective solar pond using the 
honeycomb as transparent insulation. It was an attractive alternative to the salt gradi- 
ent solar pond [27,30,31]. The simulation results of the honeycomb solar pond pre- 
dicted solar collection efficiency up to 40-50% at 70-80 °С [18,32]. This has led 
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to extensive theoretical and experimental research on honeycomb devices such as 
TIM and their applications. In addition to the honeycomb solar collector, the trans- 
parent honeycomb insulated passive water heating system, using water as well as a 
ground (concrete/sand) as a collector/storage media has also been investigated [33— 
36]. The other applications of TIM include use in the solar passive heating of build- 
ings [28,37-39], as a bifacial irradiated solar flat plate collector [40], a transparently 
insulated facade element for daylighting in office work space, solar cookers, solar 
storage ovens and solar hot air sterilizers. Some of these applications are sche- 
matically illustrated in Fig. 2. Several new configurations of TIM have been rese- 
arched simultaneously. Optical transmittance and reflectance of several translucent 
samples over a solar wavelength range has been investigated [41] and many new 
plastics and manufacturing techniques have been tried. As frequently occurs with 
the resurgence of research on honeycomb insulation, alternative means were also 
explored. For example, transparent insulation characteristics of layers made of silica 
aero gel pellets [42] have been investigated. The pellets in diameters from 3 to 5 
mm, were simply used to fill into the air gap. Progress in this area, along with 
progress in IR reflecting coatings, has led to a new branch of solar thermal tech- 
nology, referred to as TIM. Six annual international workshops have been held; the 
proceedings of these workshops were published by Franklin Company, 192 Franklin 
Road, Birmingham B30 2HE UK. A special issue of Solar Energy vol. 45(5), 1992 
also published a number of papers on the subject of TIM. 
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Fig.2. a. Applications of TIM (a) solar collector (b) space heating (c) day lighting b. applications of 
TIM (a) saltless honeycomb solar pond (b) ground ICS system. 
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3. Classification 


Several types of TIM are now recognized; they may be classified in accordance 
with various considerations, such as the manufacturing process, the material, and 
cellular geometry. The classification based on cellular geometry [43] is as follows: 


1. Absorber-parallel 

2. Absorber-perpendicular 
3. Mixed configuration 

4. Cavity structures 

5. Homogeneous 


These configurations are illustrated in Fig. 3. The absorber-parallel structures 
involve multiple covers of glass/plastic sheets, which are placed parallel to the 
absorber. The major problem associated with this structure is that the number of 
parallel covers must be increased to reduce heat loss, which reduces the solar trans- 
mittance and limits solar gain. In absorber perpendicular structures, cell walls are 
placed perpendicular to the absorber plane. The advantage of this configuration is 
the forward reflection of solar radiation by vertical walls, enabling a major portion 
of incident radiation to reach the absorber. The convection and radiation heat losses 
may be significantly suppressed by the proper design of the cell dimensions. The 
mixed and cavity structures are the combination of absorber-parallel and absorber- 
vertical structures; they include duct plates and multiple wall plastic sheets. The 
problem associated with this structure in lowered solar transmittance, but heat losses 
are also reduced significantly. Homogenous material includes the TIM of glass fibres 
and aero gels; these materials can be used for higher temperatures [44]. The heat 
transfer in aero gels consists of three components: solid conduction, pore gas conduc- 
tion and irradiative heat transfers. The thermal conductivity of transparent silica aero- 
gel increases sharply in the high temperature region. However, the increase is rather 
small for carbon opacified sample [45]. The radiation scattering and absorption are 
little more in these materials compared to other TIM. 

The most documented configuration is the absorber perpendicular type, using 
honeycomb cellular arrays. Honeycomb cellular arrays have a long history in both 
natural and man made applications and some of these applications are listed in 
Table 1. 


4. Fabrication of devices 


Cobble [46] and Cobble et al. [47], suggested the use of a transparent slab of 
methyl methacrylate (MMA) as transparent insulation material use in a solar heat 
trap. Sheets of glass and polymer materials have also been used in multiple glazing. 
More recently, General Electric Plastic Industries, Ltd., has marketed multiwalled 
plastic sheets, which can also be used as absorber parallel TIM. Polygal Plastic 
Industries, Ltd., has marketed polycarbonate-structured sheet with spectral selectivity 
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Fig. 3. Classification of transparent insulation materials. 


[48]. Honeycombs of thick-walled glass material of 1-3 mm [3,13], non-transparent 
reflecting material [10], and thin-walled plastic-like polyester (FEP Teflon, polyethyl- 
ene, acrylic etc.), have also been fabricated. 

Engineers often cite the hexagonal shape of bee honeycomb as the most economi- 
cal use of two-dimensional space. The hexagonal cross section was therefore, one 
of the earliest shapes to be considered; several cell shapes have subsequently been 
investigated. For example, among others, the hexagonal [49], square [11,24], rec- 
tangular [50,51], capillaries [25,52] and parallel slats [25,53] cross sections have 
been considered. 

Fabrication of a thick-walled device is relatively simple [6]; the material chosen 
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Table 1 
History of the applications of honeycomb devices 


Millions of Bee’s honeycomb-like configuration existed in nature 

years ago 

2000 years ago Paper honeycombs used by the Chinese for ornamental applications 

1940 Hexagonal shape of bee honeycomb used by structural engineers as the most 


economic use of two-dimensional space. Modern honeycombs (metallic) used for: 
Strength in structural applications, Aircraft construction in aerospace industries 


1960 Transparent honeycomb made of glass and polymer materials used as convection 
suppression device in solar flat plate collector 
1980 The concept of transparent honeycomb insulated solar pond was advanced leading to 


extensive worldwide research on transparent-honeycomb insulation material (TIM) 
and applications in building and industries 


for temperatures up to 70 °C could be poly methyl methacrylate (PMMA), often 
referred to as Perspex. Sheets of a thickness of 1 mm or less may be used. For the 
fabrication of honeycomb modules of the size (50 x 50 x 10 cm), the material is 
cut into slats of (50 x 10 cm). The slats are then interwoven to form a square cell 
of (1 x 1 cm). For the fabrication of thin-walled devices, the films of such materials 
as polycarbonate, polyester, FEP Teflon or fluorinated ethylene teraphithlate (FETP) 
could be used. Capillaries and profile extrusion products of various cross sections 
such as hexagonal, square and circle have been used to fabricate the cellular honey- 
comb arrays. However, the fabrication of devices from film material poses problems 
in glue dispensing. A relatively more expensive but technically convenient method 
of fabrication of square honeycomb has been devised and adopted by АгЕ Energy 
Ltd., Israel; this method involves a profile extrusion process. The device is encapsu- 
lated in tempered glass, which protects the device from UV degradation (Fig. 4). 


5. Cost trends 


The major factor associated with the practical realization of the TIM insulated 
system is cost-effective manufacturing of the TIM device. During the last two dec- 
ades, considerable progress has been made in this regard. The optical and thermal 
properties of several plastic materials have been surveyed. GE Plastics has recently 
begun the commercial manufacturing of structured products of lexan material 
(polycarbonate material). Some of these products are transparent and can be used as 
cavity type TIM. The cost іп India is quoted as US$360-400/m*. 

The cost of TIM manufactured by ArEl Energy Ltd., Israel, was quoted at 
US$100/m? in 1990. Recently, Schaefer and Lowrey [32] gave the cost of optimized 
honeycomb covers made of Mylar and Lexan as $9/m? and $7/m?, respectively. In 
1976, a Tedlar device with dimensions of 0.03 mm (6) thick, (от). of 0.72 and 
aspect ratio of 5 (A = L/d) cost US$19/m?. Hollands et al. [54] proposed an industrial 
manufacturing technique for the honeycomb device. 
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Square cells 


Hexagonal cells Circular cells 


Fig. 4. Encapsulated TIM cover systems. 


The costs of TIM noted above are approximate, owing to rather inconsistent quo- 
tations from the manufacturers, who are still in the experimental phase. 


6. Characterization of devices 


The intended objective for the TIM device is to maximize solar heat collection 
across the device; this involves the consideration of solar radiation transmittance and 
heat transfer mechanisms across the device. The data related to solar transmittance 
and the heat loss coefficient are now available from assorted experimental measure- 
ments and test values, as well as from computational models. Following is the data 
and models which are intended to be helpful for engineering design, as well as for 
trade-off strategies required to establish a balance between many constraining factors 
related to the cost of the TIM device. 
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6.1. Experimental measurements 


Symons et al. [55] and Symons [25] used an integrating sphere (Fig. 5) with a 
large sample port and a collimated beam for solar transmittance measurements of 
planar, as well as cellular (honeycomb) samples. The measurements covered a range 
of cellular samples of incidence angles between 0° and 60°. Thin-walled cellular 
samples of small aspect ratio, cell length (Г), divided by the hydraulic cell diameter 
(d), were considered. They reported good agreement of measurements with the sim- 
ple model used by Hollands et al. [24]. Subsequently, Platzer [51,52] used the inte- 
grating sphere technique for measurements of solar transmittance of cellular 
(honeycomb) samples covering a wider range of aspect ratio and incidence angle. 
He suggested the fitting functions for measured data as follows: 


Т(Ө) = Texp(—a-tan8) (4) 
To(L) = too + Toil (5) 
a(L) = ао + aL (6) 


where L is depth of cell, honeycomb thickness, and ‘a’ is the effective absorption 
parameter, which is proportional to the aspect ratio of samples. The values of the 
above mentioned constants for sample cellular materials are summarized in Table 2. 


1. Radiation source 
2. Chopper 

3. Collimator 

4. Sample 

5. Integrating sphere 
6. Detector (in wall) 


Fig. 5. Integrating sphere apparatus for measuring solar transmittance. 
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Table 2 
Coefficients for calculating solar transmittance dependent on incidence angle and material thickness [52] 


No Plastic type Too Тоу (сш!) а а, (ст!) 
1 Polymethylmethacrylate 0.936 —0.0144 0.0934 0.0089 

2 Polycarbonate 0.795 0.0000 0.0444 0.0222 

3 Polytetrafluorethylene-derivative 0.932 —0.0266 0.1220 0.2050 

4 Polymethylmethacrylate 0.900 0.0000 0.0944 0.0085 

5 Polycarbonate 0.970 —0.0040 0.0140 0.0144 

6 


Polycarbonate 0.970 —0.0040 0.0100 0.0143 


Heat is transferred through the cellular (honeycomb) device by one or more of 
the following modes: 


— conduction and radiation through the solid cellular walls 
— conduction, convection and radiation across the air cell. 


The total heat transport across the honeycomb device is mainly due to conduction 
and radiation, as the convection is usually suppressed. Measurements of heat transfer 
across TIM devices have been carried out using the hot plate apparatus [56], wherein 
the hot plate is electrically heated to 200 °C (Т,) and the cold plate is thermostatically 
controlled at a desired temperature (Т). The sample is placed between the plates. 
The quantity measured is effective heat conductance (defined as the effective heat 
loss coefficient, W/m? К), heat flux through the sample divided by (Т,-Т.). The 
dependence of these values on the thickness of the TIM device is shown in Table 
3 [56]. With a view to investigating the high temperature (>80 °C) performance of 
the honeycomb solar collector, the measurements of stagnation temperature have also 
been carried out by some authors [57]. In these experiments, it was observed that 
the small-celled polycarbonate honeycomb started melting at 120 ?C; with the intro- 
duction of an air gap between the absorber and the honeycomb device, the highest 
allowable temperature is estimated to be 140 °С. From the consideration of solar 
transmittance and U, values of the small-celled TIM device, the stagnation tempera- 
ture of a TIM solar collector is estimated as 250 °C. 


Table 3 
Effect of the thickness of small-celled honeycomb TIM device on total heat conductance [56] 


Thickness L (m) Heat conductance (W/m? K) 
0.02 3.5 
0.04 2.1 
0.06 1.6 
0.08 1.3 


0.10 1.1 
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6.2. Computational models 


The above mentioned experimental measurements correspond to different cellular 
devices, which are either commercial, or have been produced by the same organiza- 
tions for test purposes. Most of the cellular devices tested to date are made of plastic. 
Seldom, if ever, have glass honeycomb materials been included. These few samples 
may not be considered representative of future products. Furthermore, even for the 
available honeycomb materials, a consistent set of solar transmittance and heat loss 
data, as functions of temperature (AT) and aspect ratio, is not available to enable 
for optimization of a specific system. Therefore, in the following section the mode- 
ling approach for investigating the design and performance characteristics of TIM 
cover systems is presented. 


6.2.1. Absorber-parallel configuration 

The absorber parallel configuration is very simple for practical realization and has 
been thoroughly researched for its solar heat trap characteristics. For example, a 
transparent slab of methyl methacrylate was suggested and tested by Cobble [46] 
and Cobble et al. [47], for the solar heat trap. The concept has since been subjected 
to theoretical [58—61] and experimental [62] investigations for various applications 
such as passive solar buildings, flat-plate collectors and integrated collector storage 
systems. All these analyses have involved several approximations, such as (i) the 
solar transmittance of MMA slabs, corresponding to diffuse components of solar 
radiation is not taken into account, (ii) the beam radiation transmittance is considered 
only at normal incidence. Furthermore, some of the above mentioned analyses have 
used incorrect boundary conditions for heat transfer at the top surface of the MMA 
slab [63]. The resulting predictions are therefore of doubtful merit. In recent work 
[6,64], an improved analysis of solar thermal processes is carried out to evaluate the 
transparent insulation characteristics of a TIM slab placed on the absorber plane with 
and without glass cover, as shown in Fig. 6a,b, respectively. The solar radiation 
incident on the top of the slab is partly reflected and partly absorbed; the remainder 
is transmitted to the absorber plane, where complete absorption takes place. The 
distributed heat generation in the slab guards the absorber and traps the heat. The 
following assumptions are made in modeling the solar thermal processes: 


(a) sky and ground diffuse radiation is isotropic; 

(b) emission of radiation within the slab due to internal heat generation is ignored; 

(c) absorber plane is in direct contact with the slab, so there is no discontinuity in 
temperature at the interface; 

(d) conductive heat transfer inside the slab is one dimensional. 


Solar radiation flux (/(x)), available at any distance x, is given by 
Ix) = Кт) + FaRatasg tas X) + Up + 9 Кута Tas (X) (7) 


For configuration without a glass cover, Teg, Taeg and Tagg are equal to unity. The 
beam radiation transmittance for the thickness x of the slab, ть(х) is 


N.D. Kaushika, К. Sumathy / Renewable and Sustainable Energy Reviews 7 (2003) 317-351 331 


(a) Xt 


Ta 
LH 0 
MMA Slab x 
а 
Тр Absorber plane 
E "s 
ЗВ. 
Та 
5 glass cover 
аш | х=0 
MMA Slab : 
Tp Absorber plane 
Е Fe 


Fig. 6. Schematic view of the TIM slab оп the absorber plane (a) without glass cover (b) with glass 
cover. 


1 1— 1)? 1— 2* 
тб) = yu) d oe | ication Е 
where 
pı = sin*(0,—0)/sin*(0, + Ө) 
p2 = tan*(0,—0)/tan*(0, + Ө) 


and u = sin(@)/sin(@,). For normal incidence Ө = 0, and p, = p, = (1—4)?/(1 + 
Шш)”. The transmittance based on absorption, T,(x) is given by Cobble et al. [47]: 


n —и;х 
TAX) = p Wiecos@,) (9) 


i=l 


The values of n, W; and р; are the parameter characteristics of solar transmission in 
the material. For an MMA slab, the values are as follows: 


W, = 0.081373; ш = o 
W, = 0.668800; > = 2.378 
W, = 0.086103; из = 12.55 
W, = 0.061200; и. = 31.0 
Ws = 0.102400; из = o 


The sky diffuse radiation transmittance T,,(x), and ground diffuse radiation transmit- 
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tance T,,(x) for the slab thickness with absorber plane tilt angle B, are given by 
[65,66]: 


Tas(X) (10) 
лвл л а 1/0088 
28 [5 . 2 Sn (io) | 
„2ъ(х)соѕӨѕіпӨ dọ dO + E А т.(х)соѕ051п0 аф dO 
a mox CREDE 
= пл я пы 170098 
2 В [5 . 2 as (тал) . 
cos6sinO dø dO + соѕ0ѕіпӨ аф dé 
otf Ea 
2 [2 | 
UN Z On dọ d0 
2 tan@ 
Tag(X) 7 7 (11) 
2 2 
‚ _cosOsin®@ аф dO 
| a ис 


The temperature distribution in the slab is given by the following equations: 
Configuration without glass cover, 


ФТ dix) _ (12) 
Фх dx у 
where the boundary conditions are 
dT 
at x= 0 ах = =) 
a x =L Tha = Т, 
Configuration with glass cover, 
ФТ dix) 
= = 1 
dx dx o пз) 


where the boundary conditions are 


ат 
at х=0 К = h(T|.-0— Tz) 


at x=L Tha = Т, 


The energy balance equation for the glass cover is given as: 
ATT) = UAT,—T,) (14) 


The net energy balance equation for the glass cover is 


d 
Оле = Mok (15) 
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and the average efficiency is given as: 


Оле 
= 1 
n 5 (16) 
а | | 
The term Ках for the two cover systems may be obtained by solving the one 
x-L 


dimensional heat conduction Eqs. (12) and (13) with their respective boundary con- 
ditions, and may be expressed as follows: 
Configuration without glass cover 


e = IL)-K0) + U,(T,—T,) (17) 


БЕЙ 


Configuration with glass cover 


m = KL)-K0) + U(T,—T,) (18) 


x-L 


6.2.2. Absorber-perpendicular configuration 

The solar transmittance and heat loss reduction characteristics of cellular arrays 
have been extensively investigated during the last two decades. The absorber-perpen- 
dicular cover system consists of a cellular (honeycomb or capillary) array immersed 
in an air layer. It is generally encapsulated to protect against weathering and dust 
(Fig. 4). The glazings made from TIM are often referred to as advanced glazings. 
The solar radiation propagation through such a glazing is characterized by the trans- 
mittance—absorptance product, which is an essential input for studying the perform- 
ance of the TIM based systems [26]. The transmittance—absorption product corre- 
sponding to beam and diffuse radiation, for three practical cases: (1) cellular matrix, 
(i1) cellular matrix with top encapsulation and (iii) cellular matrix with top and bot- 
tom encapsulation, has been investigated by Kaushika and Arulanantham [67]. 

The schematic diagram of a honeycomb cover system is as shown in Fig. 7. The 

Honeycomb Array 
Glass cover ` 


Ny 


Selective Absorber Surface / ES Thermal Insulation 


Fig. 7. Schematic view of honeycomb with air gap and glass cover. 


334 N.D. Kaushika, К. Sumathy / Renewable and Sustainable Energy Reviews 7 (2003) 317-351 


honeycomb is placed on the absorber plane with a small gap, and its top is encapsu- 
lated with a glass cover of 3 mm thickness with low extinction coefficient (5 m~'), 
which corresponds to the characteristics of tempered glass. The air layer and cellular 
array are considered to be in the non-convective state of air media. Since the main 
aim of the study is to characterize the honeycomb cover system, it is assumed that 
the sides and bottom of the absorber plane are perfectly insulated in such a way that 
there is no heat loss. The steady state energy balance for the absorber plane may be 
expressed as: 


Qu = 05-01. (19) 


The amount of solar radiation which is absorbed by the horizontal plane of the 
absorber, Q, is 


Os = (та )ь + (та). (20) 


The total heat loss through the cover system, Q,, is calculated by the following 
method: 
The heat loss from the absorber plane to the top glass cover is 


Qu = eC 7 Т,) (21) 


where Ap is the combined conductive and radiative heat loss coefficient for the 
honeycomb cover system. Arulanlantham and Kaushika [68] have examined the 
coupled conductive and radiative heat transfer for the determination of Л in detail. 
The computer program based on the procedure adopted by these investigators was 
made available for further computations. The heat loss from top glass cover to ambi- 
ent, О, consists of the convective and radiative components and may be expressed 
as [69]: 


Qo = О + Qo (22) 

Qo = ВИТ, Т,) + oE(T2— Tay) (23) 
where Л, the convective heat transfer coefficient from top cover to ambient is given 
by [69]: 

h, = 5.7 + 3.8 У (24) 
In the steady state О, = О„ = Ор, so the value of T, may be obtained by iterating 


Eqs. (22) and (23), so that О„ = Ор, using the Secant iteration method [70] to an 
accuracy of 0.001. The overall heat loss coefficient U;, is obtained as: 


_ OG 
UL = р (25) 
The efficiency of the compound honeycomb surface insulation may be expressed as: 
05-0 
n= ^5 (26) 


or 
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Оп. 

= (о т). с 27 

1] ( т). S(t) (27) 
The transmittance—absorption products (то) and (ta), of a honeycomb cover sys- 
tem for solar beam and diffuse radiations are essential inputs for the determination 
of О.. The (ta), may be expressed by an approximate equation, which does not 
take into account the internal reflections between the honeycomb and the cover, 


as follows: 
(та)ь(@) = T,(8)-T2(8)-T3(8)-0(8) (28) 
TAO) = т|(Ө)-т„(Ө) (29) 


where 7,(0) is the transmittance based on reflection of the encapsulating cover plates, 
and is given by following [69]: 


7100) =; 1+ CS "T+ сш T 

where 
sin*(0,—0) tan'(0,—6) 

рт = sin2(0, + 0) Pu = тап2(Ө„ + 0) 
with 

5110 

w H, when 0=0 

1 EE 2 


т,(0) is the transmittance based on absorption of the encapsulating cover plate and 


is given by Bougers law, 
NK6, 


(0) = e( cost ) (31) 


where N is the number of encapsulating covers, К is the extinction coefficient and 
6, is the thickness of the covers. 

Studies for the determination of solar beam radiation transmittance of cellular 
array have been carried out by several authors, including Feland and Edwards [71], 
Hollands et al. [24], Symons [25], Platzer [72], Kaushika and Padmapriya [53] and 
Platzer [51,52]. Methods such as the Monte-Carlo techniques and the analytical 
approach have been used. Among others, square cell cross- sections have been con- 
sidered [24,25,52,72,73]. 

Following Hollands et al. [24], Kaushika and Padmapriya [53] and Arulanantham 
and Kaushika [66], the beam radiation transmittance of cellular array for square cells, 
T4(0) may be expressed as: 


тс(Ө) + T&(O)-E 


73(0) = 1—Е 


(32) 
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where E is a fraction of the cellular cross-section area, occupied by wall material, 
having a square cell, and expressed as: 


E= a (33) 


Тс(Ө) is the beam radiation transmittance through cell wall material having perfectly 
equivalent diffuse (pĝ), specular (p5.) and absorptivity a(@). 


160) = ты®) + р Pe gy Full nj G4) 

THA) = (Pn + 1—N) + (P N-n) (35) 
The absorptivity of the cell wall may be given as (0 < @ < 90): 

оф) = 1—p$.— Pie (36) 


where N is the number of walls intercepted by the solar ray in its propagation through 
cellular arrays, and ‘и’ is the lower rounded off value of N. For incoming solar 
radiation at incidence angle 0, N may be expressed for square cells as: 


L 
М = 2800 (37) 
апа 
л 
ф = 5 9 (38) 


The above expression for М is an approximate form attributable to Symons [25] and 
Platzer [51]. The transmittance through the cell wall т-(0) may be expressed as: 


К, 
т.(0) = (1—Ко)?-е Po + rz + сјае vat (39) 
where 
_ (К, + k,)-eL 
Ө (LP —sin?9)!? (40) 
and 
ke Pk _ 
Бък pta C979 Pu 
and 
. l| tan*(0—0,) sin*(0—0,) 
nO) = 2|tan(0 + Ө)  sin*(0 + 24 in 


Similarly, R(@) at angle ф is expressed as: 
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_ 1| 09-6) , 91-6) 
RO арф + 9) ^ sing + 3 is 
where ф, = sing/u at angle ф. Equivalent specular reflectivity at 0 < ф < 90 
=R) al) 
ge = А | 44 
At an angle ф 
= —u(k, —k;)-ó 
ad) m exp| (45) 
and at angle ф = 0 is given by 
cmo Pe = 0)-R 
ОФ = 0 = 1—5R + Ro = 0) e 
and 
К, + k, = свое. (47) 
ô 
Thus, the absorptivity of the cell wall at angle @ is given by 
ag) = 1— Pps Phe (48) 


Transmittance of honeycomb array for diffuse radiation can be obtained by inte- 
gration of beam radiation results over an appropriate range of incidence angles. Solar 
diffuse radiation transmittance for the plane glass cover of a flat plate collector has 
been investigated by Brandemuehl and Beckman [65]. Using the same approach, 
solar diffuse radiation transmittance for honeycomb array has been investigated by 
Arulanantham and Kaushika [66]. In the above investigation, the formulations take 
into account reflection, scattering and absorption by cell walls. A numerical inte- 
gration technique is employed and results are converted in terms of equivalent beam 
angle of incidence; its variations as functions of tilt angle and aspect ratio for the 
lexan square celled honeycomb are given by polynomial equations as follows: 
Ground radiation 


Oes = 90—0.60845В + 3.7097 X 10 *B А—3.0577 х 10758 А? (49) 
+ 3.0328 X 10728? —5.0287 X 10758A + 4.157 X 10778A? 
Sky radiation 
Oes = 59.69678 —0.380354A + 4.2715 X 10 24?—0.1429B —8.055 
X 10 ЗАВ + 2.1229 X 10°-4A7B + 1.5277 х 10-38? + 7.0696 (50) 
X 107°Aß?—2.1496 х 10-6А?В? 


The above formulations may be used to investigate the heat loss reduction and 
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solar energy gain characteristics of the TIM cover systems as functions of geometri- 
cal and operational parameters. The configurations comprising cellular array, as well 
as with top and bottom encapsulations, are considered. The cellular array concerns 
a commercially available honeycomb material of polycarbonate, which has a rec- 
tangular cross section of approximately 4.5 mm by 3.8 mm with a mean wall thick- 
ness of about 60 um. Other thermophysical parameters used in the calculations are 
as follows: 


V—3.0 m/s 

T, = 293 К 

І, = 500 W/m? 

д = 60 um 

є„ = 0.9 (for black absorber) 
=. = 0.9 

I, = 236 W/m? 


The variations of effective transmittance—absorption products (1). solar collec- 
tion efficiency (1) and heat loss coefficient (07) of cellular honeycomb panels with 
cell dimensions (i.e. d and L) at different angles of incidence 10°, 40° and 70°, for 
black and selective absorbers at a fixed absorber temperature of 70 °C, are shown 
in Figs. 8—11. The effect of air gap on heat transfer mode coupling analysis is made 
apparent. The coupling of radiation and conduction modes, due to absorbing emitting 
walls of honeycomb, tends to reduce the effect of selective coating. With the intro- 
duction of an unbound air layer of about 10 mm thickness between the absorber and 
honeycomb panel, conductive decoupling takes place and performance improves in 
both black and selective absorbers. The bounding cover plates of encapsulation tend 
to reduce the total heat loss coefficient; this is illustrated in Tables 4 and 5. It is 
seen that the following TIM cover systems have lowest heat loss coefficients: TIM 
covers with black end plates and cellular walls of high emissivity; TIM covers with 
selective end plates and cellular walls fully transparent to IR radiation. The reduction 
in transmittance due to the two covers is about 12% and 17%, respectively. It is 
therefore desirable to have covers of high quality glass with low iron content. 


6.2.3. Comparative study 

Comparison of the thermal performance of the absorber-parallel and absorber- 
perpendicular cover systems is illustrated and Table 6. The MMA slab system has 
an efficiency lower of about 12% than the honeycomb cover system. However, the 
slab system shows higher efficiencies compared to single and double glass cover. 
Reddy and Kaushika [74] have theoretically and experimentally investigated the per- 
formance of transparently insulated integrated-collector-storage (ICS) solar water 
heaters for a comparative study of cover systems having TIM devices placed between 
top glazing and the absorber. The resulting data on solar transmittance and heat loss 
coefficients of various TIM cover systems is illustrated in Table 7. 
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(OT) ore, 1] and Ur of honeycomb panels (cell width (d) 0.004 mm; АТ = 70 °C) placed on black 
absorber. 
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Fig. 9. (от), ь, N апа U, of honeycomb panels (cell width (d) 0.004 mm; АТ = 70 °С) placed on black 
absorber with an air gap of 10 mm. 
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Fig.10. (ot). 7 and U of honeycomb panels (cell width (d) 0.004 mm; AT = 70 °C) placed оп 
selective-black absorber. 
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Fig. 11. (ot), N and U, of honeycomb panels (cell width (d) 0.004 mm; AT = 70 °C) placed оп 
selective-black absorber with an air gap of 10 mm. 
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Table 4 
Total heat loss coefficients for three cases of bounding plates 


Bounding plates U, (W/m? K) 
Black-black (£, = 0.88, =, = 0.88) 2.0 
Selective—black (=, = 0.065, =. = 0.88) 1.6 
Selective-selective (є, = 0.065, =, = 0.065) 1.4 

ТаЫе 5 


Effect of wall emissivity on total heat loss coefficients for different bounding plate conditions 


Wall emissivity (€,,) U, (W/m? К) (L=0.10, d=0.01, 7,2306 К, Т.=298 К) 


En 0.88 0.60 0.30 0.065 0.065 

€; 0.88 0.88 0.88 0.88 0.065 
0.0 0.1 1.0 2.2 4.0 5.0 
0.1 1.2 1.8 2.5 3.2 3.8 
0.2 1.4 1.9 2.2 2:7 3.0 
0.3 1.4 1.8 2.0 2.3 25 
0.4 14 2.1 1.8 2.0 2.1 
0.5 1.3 1:5 1.6 1.7 1.8 
0.6 1.2 1.4 1.5 1.5 1.6 
0.7 1.2 1.3 1.4 1.4 1.5 
0.8 1.2 1.3 14 
0.9 1.0 1.1 1.2 


1.0 0.9 1.0 1.1 


Table 6 
Efficiency comparison of single glazing, double glazing and MMA slab system with honeycomb cover 
system ( Г, = 250 W/m’, I, = 100 W/m’, T, = 333 К, Ө = 40 °C) 


Transparent insulation Efficiency 
thickness (m) 


Single glazing Double glazing ММА slab Honeycomb 
0.025 0.106 0.320 0.299 0.328 
0.050 0.110 0.329 0.374 0.410 
0.075 0.119 0.346 0.396 0.439 


0.100 0.128 0.357 0.404 0.450 


7. Performance of TIM insulated solar thermal systems 


Advanced glazing in flat plate solar collectors represents the most well documented 
application of honeycomb TIM cover systems. Rommel and Wagner [75] have exper- 
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Table 7 
Overall heat loss coefficient (UL) and (отт). г of various TIM cover systems 


S.no. Configuration of TIM between absorber U, (W/m? К) (OT) ere at Ө 
plane and top cover =0 
Theoretical Experimental 
1 Air layer 6.23 6.93 0.759 
2 Glass sheet 3.73 4.63 0.658 
3 Polycarbonate sheet 3.43 3,53 0.696 
4 Structured sheet (6 mm) 2.63 3.43 0.565 
5 Structured sheet (10 mm) 2.11 2.83 0.565 
6 Cellular array (5 cm) 1.93 2.43 0.625 
7 Encap. TIM (5 cm) 1:73 1.83 0.588 
8 Encap. TIM (10 cm) 1.33 1.63 0.430 


imentally investigated the thermal performance of flat plate solar collectors with 
honeycomb TIM covers and have pointed out that the TIM covers presently available 
(e.g. polycarbonate honeycomb TIM cover) offer good promise for application where 
typical working temperatures are between 40 and 80 °С and when serious material 
problems occur at operational temperatures above 120 ?C. Therefore in the scope of 
the discussion on thermal performance, only low temperature solar thermal systems 
have been chosen such as the buildings and solar integrated-collector storage systems 
that use low energy materials such as water, earth, concrete and sand for collection 
and storage. 

Solar heat gain through roof/wall/windows of buildings is a well-known means 
for conservation of energy used in heating indoor environments. Direct solar gain 
methods offer good collection efficiencies but are associated with adverse factors 
such as glare and radiation damage of materials inside the living space. These adverse 
factors are circumvented in indirect gains, which have rather low solar collection 
efficiencies. In recent years, TIM insulated roof/wall systems have been suggested 
as having the advantages of both direct and indirect gain methods. For example, 
Kaushika et al. [78] carried out an investigation of the dynamic thermal performance 
of the honeycomb roof-cover system. Periodic analysis of solar heat transfer pro- 
cesses in the system, comprised of an air-filled honeycomb placed on the concrete 
rooftop of an air-conditioned building, was carried out to investigate solar gain and 
assess the effectiveness of system components. An explicit expression for the heat 
flux entering the indoor space was derived. Results of calculations corresponding to 
a typical winter day at Boulder, Colorado (40°N in USA), showed that the solar 
gain (heat flux) of the system increases with the depth of the honeycomb. A panel 
at a depth 10 cm seems to be the optimum for such an application. More recently, 
Athienitis and Ramadan [76], have investigated the thermal performance of an out- 
door test room (3 x 3x3 m) with its south facing wall transparently insulated. The 
transparently insulated wall system consists of an exterior single glazing, an air gap, 
a honeycomb-TIM slab, a second air gap, a concrete layer, an air cavity and an 
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interior gypsum board. A movable insulation/shading device (roller blind), may be 
used in the external air gap to control the thermal performance of the TIM wall. It 
may prevent overheating during excessive sunny periods and reduce heat losses dur- 
ing off-sunshine periods. For example, the blinds may be fully opened during winter 
days, to allow the transmission of solar radiation to the thermal mass, and closed 
on winter nights to reduce heat losses from the living space. 

Athienitis and Ramadan [76], have developed a numerical simulation model to 
study the indoor temperature in the test room. The finite difference method is 
employed to solve the differential equation of heat conduction through the TIM 
insulated wall, as well as other components (walls, ceiling, floor and windows). The 
thermal mass (concrete layer) is discretized into five sub-layers (control volumes); 
more layers did not significantly improve accuracy. The finite difference approxi- 
mation of the energy balance equation applied for each mode i, may be expressed 
as follows [76]: 


Та, +1)= (2) (a у т ni) + T(i,t)c (51) 
$ j >. 


where j represents all nodes connected to node 1, q; represents all heat sources at 
node i, ѓ represents the time and At is the time step, С; is the thermal capacitance 
for node i and RG, j) represents the total thermal resistance between nodes i and j. 

Numerical computations are made for mean winter conditions at Montreal (48°N 
in Canada). The mean outdoor temperature (Tom) is assumed to be equal to —15 °C 
with amplitude (АТ) of the diurnal cycle as 5 °C. The atmospheric temperature may 
therefore be expressed as: 


Т = Tom + ATcos(@t— 57/4) 


The transparent insulation used in numerical simulations is a square-celled honey- 
comb of lexan material having wall thickness 0.076 mm, with cell size 9.5 mm and 
aspect ratio as 5. It has U-value of 1.2 W/m? K. The total heat transfer coefficient 
across the TIM wall system is estimated to be 0.3 W/m? K. The indoor temperature 
in the test room fluctuates between 13 and 20 °C when the blind is closed at night, 
and it varies between 11 and 17 °C when the blind is open at night. Fig. 12 [76] 
shows the passive response of test room located in Montreal for seven days (starting 
January 21st), and with the blind closed at night. The auxiliary energy required for 
the room with a proportionally controlled heating system of maximum capacity of 
2000 W, was evaluated. The room air temperature was permitted to fluctuate between 
18 and 24 °C. An energy consumption of 14.7 MJ per day was computed with no 
blind control and 12.5 MJ with blind control. These results indicate significant saving 
of energy due to TIM walls. 

The thermal performance of TIM insulated solar ICS hot water systems has been 
investigated theoretically as well as experimentally by Kaushika and Reddy [77]. 
The absorber parallel, as well as absorber perpendicular configurations of TIM 
devices, have been considered. The TIM cover design model considers steady state 
energy balance across the TIM device, which involves the solution of the fourth 
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Fig. 12. Variation of indoor air temperature in the room having TIM insulated south wall with blind 
closed at night and located at Montreal [76]. 


order equation by means of an iterative process based on Newton-Raphson method. 
Extensive design data and trade-off for TIM cover systems are considered. Sub- 
sequently, the improvement in the performance of the ICS solar hot water system 
by the use of transparent insulation material in its cover system has been investigated. 
The field experiments on transparently insulated ICS solar water heaters have been 
carried out; the configuration involves the solar heating of a storage water tank, 
cuboid in shape and having a TIM cover system on the top surface and opaque 
insulation on all other sides. A simulation model is developed to evolve the optimum 
system design and trade-off characteristics of the TIM insulated ICS solar water 
heater. The model is first validated with experimental observations. Explicit simul- 
ation results on optimization of geometrical and operational parameters of the system 
are presented; the honeycomb depth is 5-7.5 cm and the aspect radio of 15-20 exhibit 
optimum performance. Compounding the honeycomb array with an air layer of 12 
mm and use of a selective absorber provide the benefit of added solar gain and 
thermal storage. For given absorber area, the storage tank capacity enables the trade- 
off between system efficiency and required water temperature. 

The TIM cover system characteristics significantly influence the overall system 
performance of the solar ICS water heater. The effectiveness of several configur- 
ations of TIM cover systems as a comparative study, has, therefore, been investigated 
in Fig. 13 [77]. The results of the experiments on system performance characteristics, 
overall heat loss coefficient and transmittance values of the cover system seem to 
favor the absorber perpendicular configuration over other configurations. However, 
the absorber-parallel configuration is simple and useful for application in passive 
solar water pre-heaters. The year-around thermal performance of solar water heaters 
with optimum design has been investigated; the simulation model, validated by 
experimental data, is used for this purpose. Results indicate that at New Delhi 
(28.6°N) the proposed system can indeed be used throughout the year for 100% of 
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Fig. 13. Diurnal variation of water temperature in storage water heater with various TIM covers system. 
Location:Delhi [77]. 


the solar fraction for domestic water heating applications. The use of auxiliary energy 
has been discussed for wider applications. The demonstration of solar ICS water 
heaters, in accordance with user requirements, is a desirable step forward. Therefore, 
an research and development demonstration unit of 70 | capacity was installed at 
ПТ Delhi to collect user data. The resulting temperature profile was found to be 
quite convenient for domestic water heating applications. 

Field experiments with cubic water storage tanks using transparent insulation on 
the top surface and peripherals have also been carried out. Results suggest that 
incorporating transparent insulation in the solar illuminated central open could pro- 
vide significant solar gain and thermal storage. The industrial water heating appli- 
cation of the configuration is discussed. 

A TIM-insulated ground integrated-collector-storage water heating system has also 
been investigated for engineering design and solar thermal performance. The system 
consists of a network of pipes embedded in a concrete slab whose top surface is 
blackened and covered with the TIM device; the ground insulates the bottom. A 
simulation model has been developed which involves the solution of a two-dimen- 
sional transient heat conduction equation with appropriate initial and boundary con- 
ditions. An explicit finite difference scheme had been used in the numerical compu- 
tations for parametric study. Emphasis is laid on such governing parameters as the 
depth, as well as pitch of the pipe network and collector material. A pipe network 
depth of 10 cm and a TIM cover made of 5 cm compound honeycomb, seems suitable 
for the proposed system. Solar gain (solar collection efficiency of 30-50% corre- 
sponding to temperature of 40-60 °C and the diurnal heat storage characteristics of 
the system are found to be of the correct order of magnitude of the solar water 
heating applications. 
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8. Summary and conclusions 


This paper reviews solar transparent insulation materials in relation to their histori- 
cal background, solar optical and thermal characteristics of TIM devices, their classi- 
fication, fabrication, procedures, applications, availability and cost trends. TIM 
covers, often referred to as advanced glazing, have been shown to increase the 
efficiency of solar thermal conversion systems. A comparative study of TIM cover 
systems shows that honeycomb systems excel over other systems. TIM covers 
presently available (e.g. small-celled polycarbonate honeycomb TIM covers), offer 
good possibilities of their applications where the typical working temperatures are 
between 50-80 °C. However, there are many solar thermal processes with higher 
working temperatures in the range of 80-120 °C; these include desalination and 
cooling processes with adsorption and absorption cycles. Therefore, there is a need 
to investigate TIM for their higher working temperatures and performance, as well 
as low manufacturing costs. In this regard the compound honeycomb (which com- 
prise cellular honeycomb arrays, non-convective air layer and spectrally selective 
covers) and parallel slat arrays should be explored. The compound honeycomb con- 
figuration holds promise for less heat loss reduction without affecting solar radiation 
transmittance, whereas the slat configuration enhances solar transmittance. Further- 
more, the measurements of solar transmittance and total heat transport across the 
TIM devices are available only in assorted samples. These measurements are not yet 
representative of the manufacturing of devices of optimum characteristics with regard 
to their cost and performance. 
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